Ink4d leads to progressive hearing loss attributable to inappropriate DNA replication and subsequent apoptosis of hair cells. Here we show the synergistic action of another CKI, p21
Introduction
The inner ear houses the auditory and vestibular sensory epithelia, which are required for hearing and balance function, respectively. Hair cells (HCs) within these sensory epithelia function as mechanotransducers, converting a mechanical stimulus into an electrical signal. In mice, progenitors of the organ of Corti, the auditory sensory epithelium, make their final cell division between embryonic day 12.5 (E12.5) and E14.5 (Ruben, 1967) . These terminal mitoses are followed by the onset of differentiation into the mosaic of HCs and supporting cells that characterizes the mature organ of Corti. Both HCs and supporting cells subsequently maintain the postmitotic state throughout the life of the animal. Thus, neither HCs nor supporting cells of the organ of Corti divide under normal conditions or in response to damage. This lack of regenerative ability means that HC loss leads to permanent deafness (for review, see Matsui et al., 2005) .
Maintenance of the postmitotic state of HCs has been shown previously to require the cyclin-dependent kinase inhibitor (CKI) p19 Ink4d (Chen et al., 2003) . Cyclin-dependent kinase inhibitors function by binding to and inhibiting the activity of cyclin-dependent kinases (CDKs), which, along with their positively acting cofactors, the cyclins, are part of a family of kinases that function in both promoting normal cell cycle progression and surveillance and checkpoint functions in the cell cycle (for review, see Sherr and Roberts, 1999) . There are two families of CKIs, the Cip/Kip family that currently includes p21
Cip1 , p27 Kip1 , and p57 Kip2 , and the Ink4 family that includes p16 Ink4a , p15 Ink4b , p18 Ink4c , and p19 Ink4d . Members of both families are tissue and cell type specifically expressed and, in addition to their role in governing cell cycle transitions, have been shown to play an important role in the maintenance of the postmitotic state of numerous cell types (for review, see Vidal and Koff, 2000; Cunningham and Roussel, 2001 ). Mice harboring a homozygous mutation in p19
Ink4d are fertile despite their testicular atrophy (Zindy et al., 2000) , but they suffer from a progressive hearing loss that is caused by sporadic cell cycle reactivation in normally postmitotic HCs, followed by cell death (Chen et al., 2003) . This process begins toward the end of the first postnatal week and progresses slowly, with only a few auditory HCs observed to reenter the cell cycle at any given time. The mild phenotype of HCs of p19
Ink4dϪ/Ϫ mice suggests that other CKIs may act redundantly to inhibit proliferation, as is the case in other cell types (Zindy et al., 1999; Cunningham et al., 2002) .
In contrast, inactivation of the retinoblastoma gene (Rb) in the inner ear leads to an apparent complete loss of control of the postmitotic state of HCs (Mantela et al., 2005; Sage et al., 2005 Sage et al., , 2006 . The retinoblastoma protein (pRb) functions as a master switch for the G 1 /S-phase transition of the cell cycle and is regulated primarily through modulation of its phosphorylation state (Weinberg, 1995) . In its dephosphorylated state, pRb acts as a cell cycle inhibitor, whereas in its phosphorylated state, pRb promotes cell cycle progression. Phosphorylation of Rb is primarily a function of CDK4/6 and CDK2 activity, thus linking the activation of pRb directly to the regulation of CDKs. This leads to the working hypothesis that active inhibition of CDK activity, through the action of CKIs, is required to keep pRb in an inactive state to maintain the postmitotic state of numerous cell types, including HCs. The more extreme loss of control of the postmitotic state observed in the Rb mutant mice (Mantela et al., 2005; Sage et al., 2005 Sage et al., , 2006 
compared with the p19
Ink4dϪ/Ϫ mice (Chen et al., 2003) suggests that additional CKIs may be involved in limiting CDK activity and thus in maintaining the postmitotic state of HCs. It has been shown that p21
Cip1 is expressed in HCs, but its inactivation does not lead to an altered HC phenotype (Mantela et al., 2005) . Here we show that p21
Cip1 collaborates with p19
Ink4d in preventing cell cycle reentry of auditory HCs. The p19
Ink4d /p21 Cip1 double-deficient mice (hereafter termed dko mice) show a much more extreme cell cycle phenotype relative to the p19
Ink4d single-null mutant mice, evident as a strong induction of proliferation and subsequent massive HC death occurring during early postnatal life. We also investigate the mechanism of HC apoptosis and show that it involves replicative stress downstream from the onset of cell cycle reentry, including activation of a DNA damage response pathway and the p53 tumor suppressor. Our results suggest that stimulation of proliferation of auditory HCs by suppressing CKI expression in situ is unlikely to be a valid approach for their regeneration.
Materials and Methods

Mice. Mouse strains deficient for p19
Ink4d (on a 129/SvJ ϫ C57BL/6 ϫ CD-1 mixed background) (Zindy et al., 2000; Chen et al., 2003) and p21 Cip1 (129S2/SvPas) (Brugarolas et al., 1995) (obtained from The Jackson Laboratory, Bar Harbor, ME) were described previously. The two strains were intercrossed to generate p19 Ink4d /p21 Cip1 dko animals. Genotyping by PCR using DNA extracts from tails was performed as described previously (Brugarolas et al., 1995; Zindy et al., 2000) . p19
Ink4d and p21
Cip1 single-null mutant, p19 Ink4d /p21 Cip1 dko, and wild-type mice from the same litters were used for phenotypic analysis. The mouse atonal homolog 1-green fluorescent protein (Math1-GFP) transgenic mouse strain used for purification of HCs by fluorescence-activated cell sorting (FACS) was described previously (Doetzlhofer et al., 2004) . For timed pregnancies, the morning of vaginal plug identification was taken as E0.5. Animal care was in accordance with institutional guidelines.
Tissue preparation and immunohistochemistry on sections. Inner ears were dissected from dko and wild-type littermates and histologically analyzed at E16.5, at each day between postnatal day 0 (P0) and P7, at P10, P15, and P25, and at 8 weeks of age. Six to 13 mutant ears were analyzed per age. In addition, p19
Ink4d single-null mice from the same litters were histologically analyzed at P6 and P7. Dissected specimens were fixed overnight in 4% paraformaldehyde (PFA) in PBS, pH 7.2. Before immersion in PFA, inner ears from P10 and older mice were perilymphatically perfused. Inner ears from P3 and older animals were decalcified in 0.5 M EDTA. Specimens were embedded to paraffin and cut to 5-m-thick sections that were stained with hematoxylin or antibodies. Epitopes were unmasked by microwave heating (800 W) in 10 mM citrate buffer, pH 6.0, for 10 min. An overnight incubation with the following primary antibodies was performed: polyclonal myosin VIIa (kindly provided by T. Hasson, University of California at San Diego, La Jolla, CA); polyclonal prospero-related homeobox 1(Prox1) (Covance, Princeton, NJ); monoclonal proliferating cell nuclear antigen (PCNA) (Lab Vision, Fremont, CA); monoclonal Ki-67 and polyclonal p53 (Novocastra, Newcastle, UK); rat monoclonal p19
Arf , monoclonal and polyclonal phospho-H2AX, monoclonal phospho-ataxia telangiectasia mutated (ATM), and polyclonal cyclin E (Upstate Biotechnology, Lace Placid, NY); and rabbit monoclonal cleaved caspase 3, polyclonal phospho-histone H3, phospho-p53, and phospho-checkpoint kinase 2 (Chk2) (Cell Signaling Technology, Beverly, MA). Detection was done with the Vectastain Elite kit or Vectastain Mouse-On-Mouse kit and diaminobenzidine substrate (Vector Laboratories, Burlingame, CA). Sections were counterstained with methyl green. In double-labeling experiments, Alexa 488-and 568-coupled secondary antibodies (Invitrogen, Carlsbad, CA) were used for detection and Vectashield (Vector Laboratories) for mounting. Images were acquired through a CCD camera (DP70; Olympus Optical, Tokyo, Japan) on a microscope (BX61; Olympus Optical) and analySIS software (Olympus Optical).
Semithin sections. Inner ears were dissected from dko and wild-type mice at P6 and fixed overnight in 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4. Specimens were postfixed in 1% osmium tetroxide and embedded in Epon (Electron Microscopy Sciences, Fort Washington, PA). Sections were cut at 0.5 m, stained with 2% toluidine blue, and viewed under bright-field optics with the BX61 microscope.
Cochlear whole mounts. Cochlear ducts were dissected from dko and wild-type mice at P7. Tectorial membrane was removed, and specimens were fixed in PFA overnight. Whole mounts were incubated overnight with the antibody to myosin VIIa in PBS containing 5% normal goat serum, 1% bovine serum albumin, and 0.25% Triton X-100, followed by incubation in Alexa 568-coupled secondary antibody. Vectashield was used for mounting. Images were acquired with a TSC SP2 AOBS confocal microscope (Leica, Wetzlar, Germany) using HC PLAPO 20ϫ/0.7 Imm Corr (glycerol) objective. Three-dimensional image stacks were processed and analyzed using the Imaris 4 software (Bitplane, Saint Paul, MN). Stacks were deconvoluted using AutoQuant X software (AutoQuant Imaging, Troy, NY).
Cochleograms. Cochleas dissected from dko, p19 Ink4d single-null mutant, and wild-type mice at 8 weeks of age were perilymphatically fixed in 2.5% glutaraldehyde and immersed in the fixative overnight. Specimens were postfixed in 1% osmium tetroxide, embedded in Epon, and processed for surface preparations as described previously (Ylikoski, 1974; Pirvola et al., 2000) . Hair cell counts were made under Nomarski optics using the BX61 microscope. Hair cells were characterized as missing if no nucleus at the appropriate location was observed. For cell counting, a 10 ϫ 10 square eye reticular and 40ϫ objective lens were used. The percentage of missing HCs was plotted as a function of the length (in millimeters) of the organ of Corti. Student's t test was used for statistical analysis.
Quantitative PCR. After decapitation, mouse embryos and pups were screened for GFP fluorescence. Cochlear tissue obtained from E17.5 to P4 mice were collected and dissected in calcium-and magnesium-free PBS (Invitrogen). Tissue obtained from stage P7 pups was collected and dissected in mammalian Ringer's solution (in mM: 142 NaCl, 5.4 KCl, 1.5 MgCl 2 , 2 CaCl 2 , and 10 HEPES, pH 7.2) to maintain epithelial integrity during dissection. Cochlear tissue was reduced to single cells using trypsin (0.05%; Sigma, St. Louis, MO). Hair cells positive for Math1-GFP were FACS purified using a MoFlo cell sorter (DakoCytomation, Glostrup, Denmark). Purity of isolated HCs was assayed by plating and counting the fraction of Math1-GFP-positive cells in the total population. Only isolates Ͼ90% pure were used in the final analysis.
Total RNA was isolated from FACS-purified cell samples consisting of ϳ5000 cells each, using RNeasy Micro kit (Qiagen, Valencia, CA). To improve yield, carrier RNA was added to cell lysates. cDNA was made using Taqman Reverse Transcription Reagents (Applied Biosystems, Foster City, CA). Real-time PCR was performed with Master SYBR Green kit (Applied Biosystems) and gene-specific primer sets on 7500 Real-time PCR Detection System (Applied Biosystems). Each PCR reaction was performed in triplicate. Relative quantification of gene expression was analyzed using the 2(Ϫ⌬⌬C(T)) method (Livak and Schmittgen, 2001 ). cDNA obtained from Math1-GFP-positive stage E17.5 was used as calibrator, and a ribosomal gene (L19) was used as endogenous reference. After each run, melting curves of reaction products were analyzed to validate specificity of reaction product. PCR primer sets were selected using PrimerExpress 2.0 software (Applied Biosystems) to fit standardized PCR parameters of a 60°C anneal/extension step in SYBR Green Master Mix. PCR primer sets used in these experiments are as follows (F, forward; R, reverse): P21-F, TTCCGCACAGGAGCAAAGT; P21-R, CGGCGCAACTGCTCACT; P19-F, CGGTATCCACTATGCT-TCTGGAA; P19-R, CCGCTGCGCCACTCA; p57-F, CAGCGGACGA-TGGAAGAACT; p57-R, CTCCGGTTCCTGCTACATGAA; p27-F, GCAGGAGAGCCAGGATGTCA; p27-R, CCTGGACACTGCTCCG-CTAA; L19-F, GGTCTGGTTGGATCCCAATG; and L19-R, CCC-GGGAATGGACAGTCA.
Cells and transfections. HeLa cells were transfected by lipofection with cyclin E-pRC-cytomegalovirus expression vector, incubated for 24 h, fixed, and stained for cyclin E as described by Zhang et al. (2002) .
Results
Codeletion of p19
Ink4d and p21 Cip1 leads to S-phase reentry of hair cells at a precise time in early postnatal life Previous results have shown that p19
Ink4d and p21 Cip1 are expressed in auditory HCs (Chen et al., 2003; Mantela et al., 2005) .
Mutation of p19
Ink4d alone leads to an inner ear phenotype in which, starting at the end of the first postnatal week, a small but progressive number of auditory HCs undergo a loss of control of the postmitotic state that ultimately leads to cell death. This cellular loss caused by aberrant S-phase reentry progresses slowly and leads to severe hearing deficit (Chen et al., 2003) . In contrast, inactivation of p21 Cip1 has no effect on the nonproliferative state of HCs (Mantela et al., 2005) . To test the hypothesis that p19
Ink4d and p21
Cip1 cooperate to maintain the postmitotic state of auditory HCs, we crossed the respective knock-out mouse lines and generated dko mice. The double inactivation did not impair viability. At all stages analyzed (E16.5 to adulthood), the gross structure of the cochlear duct and vestibular organs (saccule, utricle, and ampullae) and the associated semicircular ducts was comparable in the dko and wild-type animals ( Fig. 1, compare a, b) , indicating that inner ear morphogenesis is not affected by this codeletion.
We first studied the morphology and cell cycle status of auditory HCs at birth in each of the two single-null mutants and in the dko mice (n ϭ 4 cochleas of each mutant mouse line). Immunostaining with antibodies to myosin VIIa, a cytoplasmic HC marker (Hasson et al., 1997) , and to the homeodomain transcription factor Prox1, which marks two types of supporting cells (Deiter's and pillar cells) adjacent to HCs (BerminghamMcDonogh et al., 2006) , showed that the cytoarchitecture of the organ of Corti was comparable with controls in the single-and double-mutant mouse lines (data not shown). Precursor cells of the organ of Corti undergo terminal divisions during midembryogenesis, and differentiating and mature HCs do not proliferate (Ruben, 1967) . Similar to wild-type specimens, HCs from either the p19
Ink4d and p21 Cip1 single-null mutant or from the dko mice at P1 were not stained by an antibody to PCNA, which reacts intensely with S-phase nuclei (Fig. 1 , compare c, d-f ). We conclude that these mutations do not impair the postmitotic state of auditory HCs at birth or before it.
However, as assessed by PCNA staining of cochleas dissected on consecutive days, HCs from the dko mice (n ϭ 6 cochleas), but not from wild-type animals (n ϭ 6 cochleas), abruptly reentered S-phase starting at P3 (Fig. 2a,b) . At this early time point, low numbers of PCNA-positive HCs were found, but their numbers significantly increased by P6 (n ϭ 15 cochleas) (Fig. 2c,d ). PCNA staining revealed that a large percentage of both types of auditory HCs, the inner and outer hair cells (IHCs and OHCs), were undergoing DNA replication, although proportionally more IHCs showed this activity. Abnormal DNA replication continued at P10 (n ϭ 10 cochleas) (Fig. 2e,f ), but it rapidly declined thereafter, so that only a few PCNA-positive cells were found at P16 (n ϭ 6 cochleas) and P25 (n ϭ 5 cochleas), as shown quantitatively in Figure 2g . Of note, we also counted the numbers of PCNA-positive HCs in the p19
Ink4d single-null mutant mice at P6 and found that the extent of S-phase reentry was significantly less than in the age-matched dko mice (p Ͻ 0.001 for both IHCs and OHCs) (Fig. 2g) . Together, these data show that the concurrent deletion of p19
Ink4d and p21 Cip1 triggers high-level induction of DNA replication in auditory HCs during a restricted period of early postnatal development and that there is a synergy between p19
Ink4d and p21 Cip1 in the maintenance of growth arrest. As measured by PCNA staining, the double mutation did not affect the postmitotic status of supporting cells of the organ of Corti (Fig. 2b,d ,f )
S-phase reentry of hair cells is followed by mitosis and death
We next assessed whether HCs that have reentered the cell cycle can progress into mitosis and divide. Sections were stained with an antibody to phospho-histone H3, which marks cells in late G 2 -phase (patchy staining) and M-phase (condensed staining) (Hendzel et al., 1997) . In contrast to wild-type animals, cochleas from the dko mice contained immunopositive HCs between P3 and P10, most abundantly at P6 and P7. Condensed phosphohistone H3 staining was mostly seen in IHCs, whereas most of the immunoreactive OHCs were in G 2 based on the patchy staining pattern (Fig. 3, compare a, b) . The numbers of PCNA-stained HCs clearly surpassed those of phospho-histone H3-positive HCs (data not shown). Although the organ of Corti was not obviously hyperplastic, sections immunostained for myosin showed an excess of IHCs, indicative of successful divisions and of the fact that the extra cells had molecular characteristics of HCs (Fig. 3, compare c with  d,e) . Also, supernumerary HCs showed PCNA immunoreactivity (Fig. 2d,f) . However, some IHCs showed an abnormal nuclear morphology, suggesting that the codeletion of p19
Ink4d and p21 Cip1 led to polyploidy at a low frequency (Fig. 3d) .
The organ of Corti from the dko mice displayed a normal complement of supporting cells, as evidenced by a comparable expression of Prox1 in the mutant and control animals (Fig. 3, compare f, g ). These results, together with the lack of PCNA and phospho-histone H3 staining in the supporting cell layer (compare Figs. 2b, d, f, 3b) suggested that the postmitotic state of these nonsensory cells was not abolished by the codeletion of p19
Cip1
. The onset of abnormal proliferation of auditory HCs from the dko mice preceded the loss of HCs. First signs of HC loss were seen at P6, and the loss rapidly progressed thereafter, based on the clear differences in the histology of the organ of Corti between P6 and P10 (Fig. 2, compare d, f ) . Observations of cleaved caspase 3 positivity suggest that both IHCs and OHCs died through apoptosis (Fig. 3, compare h, i) . Of note, the dko mice showed normal developmental apoptosis in the precursor-like cells of the greater epithelial ridge (GER) (Nikolic et al., 2000) , the area located medially to the organ of Corti (Fig. 3, compare h, i) . Together, these results show that S-phase reentry of HCs in response to the p19 Ink4d /p21 Cip1 codeletion rapidly leads to apoptosis. To obtain a better resolution of cytological abnormalities in the organ of Corti from the dko mice, we analyzed plasticembedded semithin sections stained with toluidine blue at P6 (n ϭ 6 cochleas) ( Fig. 3j-o) . In contrast to wild-type specimens that show one IHC and three OHCs per cochlear half-turn in a cross-section, the dko mice displayed two to four layers of IHCs (Fig. 3, compare j, k) . Several sections showed IHCs in mitosis at the lumenal surface (Fig. 3k ), but only a few OHCs undergoing division were found (Fig. 3l ) . Also, IHCs with two separate nuclei or one bi-lobed or multi-lobed nucleus and decondensed chromatin were found, suggesting failures at the level of the cleavage furrow and cytokinesis (Fig. 3m) . Both IHCs undergoing mitosis and IHCs with aberrant nuclear morphologies carried stereociliary bundles at the lumenal surface (Fig. 3 , compare j with k,m), but many of the more deeply located supernumerary IHCs did not appear to extend a proper mechanosensory domain to the epithelial surface (Fig. 3k,m) . Consistent with the findings made in paraffin sections, semithin sections showed profiles of IHCs and especially of OHCs with distinct nuclear condensations typical of apoptotic cells (Fig. 3n,o) .
Codeletion of p19
Ink4d and p21 Cip1 leads to the destruction of the organ of Corti We next quantified auditory HC loss in the dko mice and compared it with the loss seen in the p19 Ink4dϪ/Ϫ animals ( Fig. 4a-f ).
Mutation of p19
Ink4d leads to a progressive auditory HC loss, such that no loss was observed in the knock-out mice at P5, but, by 7 weeks of age, a loss of 43% of IHCs and 15% of OHCs was found in the basal region of the cochlea (Chen et al., 2003) . In that study, HC loss in other regions of the cochlea was not studied. We counted the numbers of lost HCs throughout the length of the cochlear duct in whole mounts from 2-month-old p19 Ink4dϪ/Ϫ mice (n ϭ 4 cochleas), which were littermates of the p19 Ink4d / p21
Cip1 dko animals. Consistent with Chen et al. (2003) , we found that the basal and middle regions of the cochlea were affected by the p19
Ink4d single inactivation, with a loss of 29% of IHCs and 9% of OHCs (0 -4 mm). This loss of IHCs was significant (p Ͻ 0.01). Only minor HC loss was seen at upper levels of cochleas (Fig. 4f ) .
In contrast to mice lacking p19 Ink4d that do not show HC loss at P5 (Chen et al., 2003) , 2.5% of IHCs and 5% of OHCs were lost in the dko mice at P7, as assessed from myosin-stained cochlear whole mounts (n ϭ 6) (Fig. 4a,b) . In a pattern similar to that observed for abnormal proliferation, HC loss was concentrated to the upper basal-to-middle region of the cochlea (data not shown). The fact that the dko mice survived to adulthood allowed us to study whether progressive HC loss is a part of the altered phenotype in the dko mice, as shown previously in the p19 single-null mutant mice (Chen et al., 2003) . At 2 months of age, paraffin sections showed a severe HC loss, but surviving HCs were negative for PCNA, phospho-histone H3, and cleaved caspase 3, similar to controls (data not shown). Consistent with sectioned material, plastic-embedded cochlear whole mounts (cochleograms; n ϭ 4) (Fig. 4, compare c,  d ) at 2 months of age showed a severe depletion of HCs in the basal and middle regions of cochleas. Quantification of HC loss in cochleograms (Fig. 4e) showed that the middle region of the cochlea (2-4 mm from the round window) was most severely affected, with a loss of 66% of IHCs and 87% of OHCs. In the basal region (0 -2 mm), these values were 64% and 62%, respectively. The best cellular preservation was seen in the apical region (4 -6 mm) in which only 26% of IHCs and 26% of OHCs were lost. In the basal and middle regions (0 -4 mm), the loss of both IHCs and OHCs was significant (p Ͻ 0.001). Together, the cochlear phenotype of mice lacking p19 Ink4d was profoundly exacerbated by the simultaneous inactivation of p21
Ink4d
Cip1
. In addition, the timing of HC loss in the dko mice parallels the timing of cell cycle reentry, suggesting strongly that abnormal proliferation was rapidly followed by apoptosis in HCs within specific regions along the length of the cochlear duct.
CKI levels vary independently during the postnatal period of hair cell maturation The loss of both p19
could reveal additional redundancy among the remaining CKIs, acting to maintain the postmitotic state of HCs before the onset of proliferation at P3 and/or at mature stages, after the cessation of abnormal proliferation. Regardless, normal, developmentally regulated changes in the levels of CKIs during the early postnatal period of HC maturation are likely to influence the sensitivity of HCs to disruptions of the postmitotic state. To study the expression of CKIs during this period, HCs harboring the GFP under the control of a Math1 (Atoh1, for atonal homolog 1) enhancer were purified by FACS (Doetzlhofer et al., 2004 ) from E17.5, P0, P2, P4, and P7 cochlea, and CKI expression was analyzed by quantitative PCR (Fig. 5) . From E17.5 to P7, we observed an overall increase of 2.5-to 4-fold in the level of expression of p19 Ink4d , p21 Cip1 , and p27 Kip1 . In the case of p19 Ink4d , there was an abrupt twofold increase between E17.5 and P0 and another between P4 and P7, whereas the increase of p21 Cip1 was more gradual and began only at approximately P4. Interestingly, p27 Kip1 , which is not detected in differentiated HCs by immunohistochemistry (Chen and Segil, 1999; Lowenheim et al., 1999) , was detected at low levels in HCs around birth, and this low level increased by fourfold between P4 and P7. In support of this observation, genetic evidence suggests a role for p27
Kip1 in the maintenance of the postmitotic state of differentiated HCs (N. Segil and A. Doetzlhofer, unpublished data). p57 Kip2 was expressed in HCs at E17.5 and P0 but, in contrast to other CKIs, showed a marked downregulation by P4 (Fig. 5) . Other members of the Ink4d family, p16
Ink4a , p15 Ink4b , and p18 Ink4c , were not detected at any stages assayed (data not shown). These data indicate that the levels of CKI mRNA vary independently during the period of postnatal maturation of HCs. In addition, the rising CKI levels during the early postnatal period correlate with the fact that aberrant HC proliferation was a short-lived event, with the main part of it being over by the third postnatal week (Figs. 2, 5 ).
Abnormal proliferation of hair cells precedes the activation of DNA damage response and p53-dependent apoptosis
We sought to determine the molecular pathway(s) leading to apoptosis of HCs with abnormal proliferation. The tumor sup- Ink4d and p21 Cip1 leads to abnormal cell divisions and death of auditory HCs. Paraffin-embedded (a-i) and plastic-embedded semithin (j-o) sections through the organ of Corti at P6. a, b, In contrast to the wild-type specimen, the section from a dko mouse shows a phospho-histone H3-stained IHC undergoing mitosis (condensed staining) and two OHCs in G 2 -phase (patchy staining). c-e, In contrast to wild-type specimens, myosin-stained sections showed an increase in IHC numbers (open arrows mark supernumerary IHCs). Also, a binuclear IHC is seen (large arrow in d) and loss of part of OHCs (e). f, g, Prox1-immunoreactive Deiter's and pillar cells are unaffected in the dko mice. h, i, Cleaved caspase 3 immunostaining (arrows) reveals normal developmental apoptosis in the greater epithelial ridge of both the wild-type and dko mice. This staining is also seen in the OHC region from the dko mouse. Note a mitotic IHC (large arrow) in the dko specimen. j-l, In contrast to wild-type animals (j), semithin sections prepared from the dko mice show mostly IHCs (k, large arrow) but also a few OHCs (Fig.  6a) . In contrast, IHCs and OHCs from the dko animals showed robust p53 induction, as assessed at P6 and P10 by immunostaining with antibodies detecting the p53 protein (Fig. 6b) and its activated form (phosphorylation at Ser15) (Fig. 6c) . In some specimens, p53 induction was directly localized to the areas positive for cleaved caspase 3, as evidenced from adjacent sections (Figs. 4i, 6b) . The nearby supporting cells and the GER (Fig. 6b,c) as well as the vestibular sensory epithelia from the dko mice were negative for p53 and phospho-p53. These results suggest that p53 plays a proapoptotic role in auditory HCs from the dko animals.
To better understand the activation of p53 in HCs that reenter the cell cycle in the absence of p19
Ink4d and p21 Cip1 , we studied the role of the tumor suppressor p19
Arf , which normally responds to uncontrolled proliferation resulting from oncogenic stimulation and viral transformation rather than from DNA damage. p19 Arf promotes p53 activation by binding to the p53-negative regulator Mdm2 (transformed mouse 3T3 cell double minute 2), thereby triggering cell cycle arrest or apoptosis, depending on collateral signals and cell context (for review, see Lowe and Sherr, 2003) . We did not find p19
Arf expression in the organ of Corti from wildtype (data not shown) or dko (Fig. 6d) mice. The embryonic eye, one of the few normal tissues showing p19
Arf expression (Zindy et al., 1997 McKeller et al., 2002; Bertwistle et al., 2004) , was used as a positive control (Fig. 6dЈ) .
Replicative stress leading to DNA damage stimulates p53-dependent apoptosis (for review, see Zhivotovsky and Kroemer, 2004) . We evaluated whether abnormal proliferation of HCs triggered replicative stress and DNA damage by assaying the induction of cyclin E, a marker for replicative stress (Ekholm-Reed et al., 2004; Bartkova et al., 2005) . HeLa cells ectopically expressing human cyclin E (Fig. 6eЈ) were used as a positive control. At P6 (Fig. 6 , compare e, f ) and P10 (data not shown), cyclin E was not expressed in wild-type HCs but was strongly induced in mutant cells from the dko mice.
Deregulated replication and double-strand breaks (DSBs) in DNA activate the DNA damage response pathway, including phosphorylation of histone H2AX, ATM kinase, and Chk2 (for review, see Kastan and Bartek, 2004) . Prominent phospho-H2AX immunostaining (phosphorylation at Ser139), marking the foci of DSBs, was observed in several IHC and OHC nuclei from the dko mice at P6 (Fig. 6, compare g, h) . Phosphorylation of ATM and Chk2 links the formation of DSBs to p53 induction (for review, see Kastan and Bartek, 2004) . Auditory HCs from the dko mice showed immunostaining for activated ATM (phosphorylation at Ser1981) and Chk2 (phosphorylation at Thr68), in contrast to wild-type animals (Fig. 6, compare i with j and k with l) . Cochlear supporting cells (Fig.  6j,l) and vestibular sensory epithelia (data not shown) from the dko animals did not react with these markers of DNA damage. (1) for each CKI, and changes (fold difference) in each CKI were plotted over time (P0, P2, P4, P7). Two to three independent samples were measured at each time point (mean Ϯ SEM).
Figure 4. Codeletion of p19
Ink4d and p21 Cip1 leads to the loss of auditory HCs in a spatiotemporally distinct pattern. a, b, At P7, a myosin-stained whole mount prepared from a wild-type cochlea shows one row of IHCs and three rows of OHCs. In contrast, a whole mount prepared from the middle region of the cochlea from a dko mouse shows scattered HC loss and an excess of IHC nuclei (arrows). c, d, At 2 months of age, a plastic-embedded whole mount prepared from the middle region of the cochlea from a dko mouse shows severe depletion of HCs. OHCs are almost absent, and many IHCs are lost as well. Many of the nuclei seen in the area of OHCs belong to the scar-forming Deiter's cells. e,f, Percentage of HC loss quantified throughout the length of the cochlear duct in the dko (e) and p19
Ink4d single-null (f ) mice at 2 months of age. The round window specifies the base of the cochlear duct, which has a length of ϳ6 mm in the adult mouse. Results show mean Ϯ SD. The dko mice show significant loss of IHCs and OHCs throughout the length of the cochlear duct, but the apical region is clearly less affected than the middle and basal regions (n ϭ 4 cochleas). In contrast, p19
Ink4d single-null mice (n ϭ 4 cochleas) show significantly milder HC loss, and it is primarily restricted to the basal region of the cochlea. Of note, OHC loss in the p19 Ink4dϪ/Ϫ mice is insignificant relative to the dko animals. P, Pillar cell; myo, myosin VIIa. Scale bar (in d): a, b, 40 m; c, d , 50 m.
The above results raised the question of temporal relationship between abnormal proliferation, DNA damage response, and apoptosis. The fact that S-phase reentry of HCs from the dko mice was initiated at P3 (Fig. 2b) but activation of H2AX, ATM, Chk2, and p53 was not detected before P6 (data not shown) suggested that abnormal proliferation precedes DNA damage and apoptosis. To establish this further, we performed double labeling on paraffin sections at P6, using Ki-67 as an S-phase marker. We first confirmed that, similar to the PCNA antibody (Fig. 2) , the antibody against Ki-67 reacted with numerous myosin-positive HCs from the dko mice, in contrast to wild-type animals (Fig.  7a,b) . Based on double-labeling experiments at P6, low levels of phospho-Chk2 were detected in some of Ki-67-positive HCs (data not shown), but the HCs with strong phospho-Chk2 expression were Ki-67 negative (Fig. 7c,d ). These data strongly suggest that S-phase reentry precedes the activation of the DNA damage checkpoint.
Double-labeling experiments were also performed to find out the temporal relationship between activation of a DNA damage response (phospho-ATM or phospho-H2AX) and onset of apoptosis (cleaved caspase 3) (Fig. 7e-i) . In all cases, numerous HCs positive for phospho-ATM or phospho-H2AX were found in the absence of cleaved caspase 3. Of the low numbers of caspase-positive HCs present (reflecting the fact that apoptosis is a rapid process), the majority showed colocalization with phospho-ATM (Fig. 7e,f) . Caspase-positive HCs also showed phospho-H2AX expression. However, in apoptotic HCs, H2AX activation appeared to be associated with fragmented DNA rather than with the foci of DNA DSBs (Fig. 7g-i) (Rogakou et al., 1998) . This observation is consistent with recent data showing that, in addition to its involvement in DNA damage, activated H2AX is required for apoptotic DNA fragmentation (Luetal.,2006) .Together,ourresultsstronglysuggestthatHCsfromthe dko mice progress from DNA damage, associated with aberrant cell cycle reentry, to apoptosis.
Mechanisms regulating the maintenance of the postmitotic state of hair cells are sensory organ specific We next studied whether the cell cycle status of HCs in the vestibular organs is affected in the dko mice, in a manner similar to auditory HCs. Vestibular HCs from the mutant mice at any age (E16.5 to adulthood) did not react with PCNA and phospho-histone H3 antibodies. In addition, myosin and hematoxylin staining showed a normal morphology of these cells (Fig. 8, compare a-c, d-f) . Similar results were obtained with vestibular HCs from the p19 Ink4d singlenull mutant mice (data not shown). These data suggest that distinct qualitative differences occur at the level of CKIs in the control of the postmitotic state between vestibular and cochlear HCs.
Discussion
Maintenance of the postmitotic state of terminally differentiated cell types is a poorly understood process involving multiple elements of the core cell cycle machinery. In this report, we have shown that the CKIs p19
Ink4d and p21 Cip1 collaborate to maintain the nondividing state of sensory HCs of the organ of Corti. Interestingly, whereas inactivation of p19
Ink4d alone leads to a slow but progressive HC loss (Chen et al., 2003) and p21 Cip1 knock-out mice develop a normal inner ear phenotype (Mantela et al., 2005) , codeletion of p19 Ink4d and p21 Cip1 causes a sudden loss of control of the postmitotic state starting at P3, leading to the death of a large part of HCs in early postnatal life (Fig. 2) . Surviving HCs do not proliferate in adulthood, an observation that correlates with a general upregulation of CKI mRNAs in HCs postnatally (Fig. 5) . Inappropriate HC divisions are accompanied by several indicators of replicative stress and by the activation of a DNA damage response pathway, leading to p53-mediated apoptosis. Similar to auditory HCs from the dko mice (present study) and from the p19 Ink4d knock-out mice (Chen et al., 2003) , cell cycle reentry of HCs has been demonstrated previously in Rb mutant mice (Mantela et al., 2005; Sage et al., 2005 Sage et al., , 2006 , suggesting that CKImediated suppression of CDK activity leads to the inactivation of pRb-dependent functions. Arf is not expressed in the organ of Corti from the dko mice. The vitreous perivascular cells of the embryonic eye (E15) serve as positive controls. e, e, f, At P6, in contrast to wild-type specimens, cyclin E immunostaining is seen in auditory HCs from the dko mice. The same antibody stains HeLa cells that ectopically express cyclin E. g, h, At P6, phospho-H2AX immunostaining is undetectable in the organ of Corti from wild-type animals, in contrast to IHCs and OHCs from the dko mice. i, j, At P6, hair cells show activated ATM in the cochleas of the dko but not of wild-type animals. k, l, At P6, phospho-Chk2 induction is seen in IHCs and OHCs from the dko mice, in contrast to wild-type animals. p-p53, Phospho-p53; p-H2AX, phospho-H2AX; p-ATM, phospho-ATM; p-Chk2, phospho-Chk2. Scale bar (in j): a-j, d, 40 m; e, 25 m.
CKI expression in hair cells during postnatal maturation
Our results show that, during neonatal stages, the maintenance of the postmitotic state of auditory HCs likely depends on the interplay between several CKIs and on their dynamically changing expression patterns (Fig. 5) between P0 and P4 may help to explain the abrupt onset of abnormal proliferation at P3. Similarly, the rise in p27 Kip1 level at P7 might be responsible for the decrease in abnormal proliferation between P7 and P10 (Fig. 2) . Thus, in the absence of p19
Ink4d and p21 Cip1 , the normal changes in developmental expression of remaining CKIs could render HCs of different ages differentially susceptible to disruptions of the postmitotic state.
It should be noted that we used the 2(Ϫ⌬⌬C(T)) method (Livak and Schmittgen, 2001 ) for calculating mRNA abundance. This method allows for precise relative comparisons of the level of specific mRNA between populations but not between different mRNA species. Thus, although we measured the relative change of each CKI over time, we cannot say which, if any, of the CKIs predominates in abundance. Indeed, although p27
Kip1 is readily detected in HCs by this method, we have been previously unable to detect p27 Kip1 protein in HCs by immunohistochemistry (Chen and Segil, 1999) , suggesting that either p27
Kip1 levels in HCs are extremely low or p27
Kip1 is being translationally controlled (Hengst and Reed, 1996) . Nonetheless, it is possible that low levels of p27
Kip1 protein are produced and may play a role in the maintenance of the postmitotic state of auditory HCs, as is the case in supporting cells. In any case, our analysis shows a complex pattern of early postnatal regulation of CKIs in auditory HCs that, combined with the temporal regulation of HC phenotype in the dko mice, strongly support a role for these molecules in the developmental control of the postmitotic state.
Role of p21
Cip1 in G 1 /S-phase transition and in checkpoint control The present results showing significantly increased numbers of HCs undergoing DNA synthesis in the dko mice relative to the p19 Ink4d single-null mutant animals (Fig. 2) point to an important role of p21
Cip1 in preventing S-phase reentry, in collaboration with p19
Ink4d whose role in this regulation has been shown previously (Chen et al., 2003) .
In addition to the regulation of G 1 /S-phase transition, p21
Cip1 is known to be involved in the G 2 /M checkpoint. DNA damage leads to p53 activation, which induces apoptosis and/or p21 Cip1 -mediated cell cycle arrest, depending on cell context (for review, Figure 7 . Relationship between abnormal proliferation, DNA damage, and apoptosis in auditory hair cells codeleted for p19
Ink4d and p21 Cip1 , as revealed by double labeling at P6. a, b, The proliferation marker Ki-67 is expressed in myosin-positive hair cells in the mutant cochleas, in contrast to wild-type specimens. c, d, The strongly phospho-Chk2-labeled IHC (c, arrow) and OHC (d, arrow) are not stained for Ki-67. e, f, Most of phospho-ATM-positive hair cells do not show cleaved caspase 3 labeling (e). Of the cells expressing this apoptotic marker, the majority coexpress phospho-ATM (f, arrow). g-i, Several hair cell nuclei from the mutant cochleas show a distinct granular pattern of phospho-H2AX labeling, and most of them lack cleaved caspase 3 expression (g). Apoptotic hair cells (an IHC marked with arrow in h, an OHC marked with arrow in i) show phospho-H2AX staining that is localized to fragmented DNA. myo, Myosin VIIa; p-Chk2, phospho-Chk2; p-ATM, phospho-ATM; p-H2AX, phospho-H2AX; caspase, cleaved caspase 3. Scale bar (in i): a-i, 40 m.
see Vousden and Lu, 2002; Zhivotovsky and Kroemer, 2004) . In vitro studies have shown that DNA damage does not lead to an arrest of cells deficient for p21 Cip1 ; rather, these cells progress into mitosis but show failures in cytokinesis (Bunz et al., 1998; Niculescu et al., 1998) . Our results show that S-phase reentry of auditory HCs from the dko mice was followed by DNA damage and p53 activation, and, analogously to the cell-based studies, the lack of p21
Cip1 may explain why a part of auditory HCs escaped from G 2 arrest and progressed into mitosis. The codeletion of p19 Ink4d and p21 Cip1 generated supernumerary HCs but also HCs with mitotic abnormalities, resulting in binuclear cells or in cells with a single bi-lobed or multi-lobed nucleus, indicative of failures in cytokinesis. The nuclear morphology of these HCs appears similar to that reported for the p21 Cip1 -deficient cultured cells exposed to DNA damage (Bunz et al., 1998) . These data suggest that p21
Cip1 is likely involved in both maintenance of the postmitotic state and the establishment of G 2 /M checkpoint control in auditory HCs. Interestingly, there was a clear cell-typespecific difference in the degree to which IHCs and OHCs complete an abnormal mitosis in the dko mice. It was mainly IHCs that passed beyond the G 2 /M checkpoint, suggesting that mechanisms additional to p21
Cip1 deficiency may contribute to this checkpoint control in OHCs.
Abnormal proliferation and DNA damage
Consistent with previous data on the apoptotic death of auditory HCs from the p19 Ink4d (Chen et al., 2003) and Rb mutant (Mantela et al., 2005) mice, the present study shows that abnormal S-phase reentry is a stress factor to these cells. In agreement, it has been shown that genetic inactivation of multiple CKIs in vivo leads to neuronal death (Zindy et al., 1999; Cunningham et al., 2002) and overexpression of CKIs in vitro promotes neuronal survival (Park et al., 1997) . Auditory HCs from the dko mice showed high levels of cyclin E, which, in cell-based studies, alters DNA replication dynamics (Ekholm-Reed et al., 2004) . Our data suggest that HCs with abnormal proliferation experience replicative stress that leads to the formation of DSBs in DNA and further to the activation of the DNA damage response and p53-dependent apoptosis. This sequence of events is most clearly indicated by the observations that abnormal DNA replication began before the first signs of activated H2AX, ATM, Chk2, p53, and caspase 3 (Fig. 7) . Although HCs from the dko mice showed abrogation of the G 2 /M checkpoint and supernumerary IHCs were generated as a result, the fate of these abnormal cells was apoptosis, similar to the cell-cycle-activated HCs that did not proceed beyond the G 2 /M transition.
The tumor suppressor p53 is a sensor of cellular stress, being activated in response to various stress signals, such as deregulated proliferation, DNA damage, ischemia, and hypoxia (for review, see Culmsee and Mattson, 2005) . We did not find detectable levels of p53 protein in normal HCs. In contrast, p53 was induced in auditory HCs from the dko mice, as manifested by the upregulation of both total p53 protein and its phosphorylated form. Induction of p53 occurred shortly after the onset of S-phase reentry, and this timing correlated with the presence of apoptotic HCs and with HC loss, suggesting that p53 mediates apoptosis in HCs with uncontrolled proliferation. This suggestion is supported by previous in vitro data showing that p53 is activated in auditory HCs exposed to cisplatin, a DNA-damaging drug to which inner ear HCs are particularly sensitive, and that a p53 inhibitor (pifithrin-␣) protects HCs from cisplatin-induced apoptosis (Zhang et al., 2003) .
Based on the phenotype of auditory HCs from the dko mice, we link abnormal cell cycle reentry to activated DNA damage response and apoptosis. Several studies have shown that cellcycle-related proteins, such as cyclin D and CDKs, are upregulated in postmitotic neurons exposed to various insults and in neurodegenerative diseases (Copani et al., 2001; Yang et al., 2001; Becker and Bonni, 2004; Greene et al., 2004; Herrup et al., 2004) . It has also been directly shown that the combination of hypoxia and ischemia can trigger aberrant S-phase reentry of adult neurons in vivo (Kuan et al., 2004) . In addition, a relationship between aberrant DNA replication and apoptosis induced by DNA damage has been shown in traumatized neurons in vitro (Kruman et al., 2004) . Correlating these data with the current results, it is possible that at least some types of traumas causing HC death (cisplatin, aminoglycoside antibiotics, and noise) lead to the activation of a DNA damage response pathway either directly or in conjunction with cell-cycle-related proteins and perhaps also to abnormal cell cycle reactivation as part of the apoptotic process. This possibility, however, awaits additional studies. Interestingly, a connection between oxidative stress, mediated through reactive Ink4d and p21 Cip1 , as revealed in sections through the sensory epithelium of the saccule. a, b, Myosin-stained vestibular HCs are arranged as a lumenal cell layer. They do not show mitotic activity in wild-type specimens, as revealed by phospho-histone H3 immunostaining at P6. c, Hematoxylin-stained section through the saccule from the wild-type ear at adulthood. d, e, Myosin and phospho-histone H3 stainings reveal a normal morphology and a postmitotic status of vestibular HCs from the dko mice at P6. f, Hematoxylin staining shows a normal morphology of the saccule from the adult dko mouse. myo, Myosin VIIa; SC, supporting cell; ph3, phospho-histone H3; HE, hematoxylin. Scale bar (in f ): a-f, 80 m.
oxygen species (ROS), and aberrant cell cycle reentry has been suggested in neurodegenerative disorders (for review, see Klein and Ackerman, 2003) . Generation of ROS has been associated with trauma-induced HC death (for review, see Henderson et al., 2006) , and, thus, as in neurons, one of the actions of oxidative stress in HCs may be to stimulate cell-cycle-related mechanisms, before their death.
Conclusions
Based on the present data, several obstacles are apparent if regrowth of auditory HCs through stimulation of their proliferation is realized, the most critical obstacle being their death-prone phenotype. However, if activation of the cell cycle machinery is a response of HCs to trauma, as frequently appears to be the case in neurons, manipulation of the activity of cell cycle regulators might have therapeutic potential in preventing apoptosis. Therefore, studies on the molecular mechanisms underlying the postmitotic state of HCs are important for the design of future therapies to ameliorate sensorineural hearing loss.
